Stroke contributes to disability in adulthood. The assessment of the degree of spasticity is one of the basic methods of patient examination after stroke and is used for monitoring rehabilitative outcomes; however, no optimal scale for the unambiguous assessment of spasticity exists. Our study aimed to assess the usefulness of thermography in measuring the effects of rehabilitation in stroke patients' spastic hemiparesis. In this prospective, single-center study, 40 stroke patients with a mean age of 60.6 ± 5.5 years were enrolled. All suffered from hemiparesis. Surface temperature of the shank was assessed with infrared thermography; degree of independence with the Barthel Index; and muscle tone with the Modified Ashworth Scale. A comparison of temperature between the spastic and non-spastic posterior part of the shank was conducted. Temperature changes, severity of spasticity, and gait pattern were evaluated and compared at baseline and after 6 weeks of rehabilitation. All patients completed a rehabilitation program. The baseline temperature in the spastic extremity was significantly lower than in the normal extremity (mean temperature 28.93°C vs 30.20°C; p = 0.0001). After rehabilitation, the temperature in the spastic extremity increased significantly; however, the significant difference between the two extremities persisted (mean temperature 29.76°C vs 30.54°C; p = 0.0001). After rehabilitation, spasticity in affected extremity decreased significantly (p [ 0.001). Additionally, an improvement in gait pattern was observed. We conclude that thermography proved to be useful in the assessment of rehabilitation effects in stroke patients with spastic hemiparesis; thus, it can be considered an additional tool for determining impaired muscle tone in patients with spasticity.
Introduction
Stroke is one of the major causes of disability in adulthood. Regaining independence after stroke may be difficult due to spasticity in the paralyzed extremities [1] . Pathologically increased muscle tone remains one of the primary causes of intentional movement impairment and dyskinesia, including gait disorders [2, 3] . In patients after stroke, the pathological gait is caused by a decrease in muscle strength, neuromuscular control disorders, spasticity, and pain; secondary to these, the limitation of mobility in joints as well as foot deformation translates into disorders in all phases of gait ( Fig. 1a, b) [4] [5] [6] . Reduced strength and spasticity affect thermoregulation, and for this reason, thermography can be considered as a useful tool for the assessment of spasticity in stroke patients. Proper diagnosis of gait disorders in stroke patients offers an opportunity to set specific goals for rehabilitation that should significantly contribute to a decrease in spasticity and improvement in functioning, in terms of gait [1] .
Physiotherapy and its techniques and methods of neurorehabilitation are an integral element of treatment of spasticity and its consequences. There is no one strictly defined physiotherapy model for patients after stroke. However, there are many studies which confirm the efficacy of functional therapy [7, 8] .
The assessment of the degree of spasticity is one of the basic methods of patient examination after stroke and is used for monitoring rehabilitative outcomes [9] . Clinical methods measure positive and negative symptoms associated with increased muscle tone, such as tendon reflexes; clonuses and muscle spasms; muscle strength; range of movement in joints; and ability and purposefulness of intentional movement [10] . There is no, however, any optimal scale for the unambiguous assessment of spasticity, as it is not a physical measure. In clinical conditions, the Modified Ashworth Scale (MAS) is often applied [11] [12] [13] , but clinical assessment methods of spasticity have proven to be of low reliability and lack objectivity [13] . For this reason, they should be used in tandem with other functional scales.
Many pathological processes in the human body can change temperature mostly due to changes in vascular flow. This in turn affects the temperature of adjacent tissues, including the skin. Hence, there is a possibility of using thermography in assessing the value of those changes and their spatial distribution [14] . Reports from the literature on using thermography in evaluation of benefits of rehabilitation are rare. Alfieri et al. [15] showed that paretic side of patients after stroke had lower temperature than respective side in healthy volunteers. The work by Hegedus confirmed the potential of thermography to monitor improvement after rehabilitation. The study showed a significant increase in temperature of the affected extremities [16] . Differences in temperature were linked to microcirculatory disorders in the affected extremities. Thermography examination is noninvasive and totally safe for patients. It is based on the measurement of infrared radiation emitted by the part of the surface of the body being studied [17] . Thermography is becoming more widely used in physiotherapy including recent attempt to evaluate rehabilitation benefits in stroke patients [15, 16] .
Aim of the study
The aim of the study was to assess the usefulness of thermography in measuring the effects of rehabilitation in stroke patients with spastic hemiparesis.
Research questions:
1. Is there a difference between the thermography image of a lower limb affected by spastic paresis and the thermography image of the healthy limb (the back of the shank)? 2. Does the degree of spasticity have any influence on the surface temperature of the back region of the calf? 3. Is thermography useful for monitoring rehabilitation in patients after cerebral stroke?
Materials and methods
The study included 40 patients (15 men and 25 women) after ischemic and hemorrhagic stroke presenting spasticity within the gastrocnemius muscle and/or the soleus muscle. The time since the event was from 3 to 12 months. All patients gave their informed consent for participation in the study. The study was approved by the Senate Committee for Research Ethics at University of Physical Education in Wrocław, Poland. This ethics committee is legally entitled to give permission for performing research on humans conducted at the University of Physical Education in Wroclaw, Poland. The study was conducted in accordance with the Declaration of Helsinki. For the thermographic assessment of lower limbs, the thermal imaging camera FLIR T335 (FLIR Systems, Wilsonville, OR, USA) was used. Curves were analyzed using ThermaCAM Researcher Pro 2.10 software. The device had the following parameters: • Emissivity value was set to default value determined by the producer equal to 0.98.
Curves of the shank were performed twice: before rehabilitation and after 6 weeks of rehabilitation. Patients were instructed not to participate in any physical treatments and to avoid physical effort before the examination, to avoid using stimulants, large meals, cosmetics, exposure to sun, and showering before examination. The thermography camera was located at a 2-m distance from the patient, at the height of 1 m. Thermal imaging examinations were conducted in a room of 20 m 2 adapted for use, under constant microclimatic conditions 22-23°C, 55% humidity, without heat radiators or rapid airflow. Those parameters were kept constant for each patient [17, 18] . The average temperature during the examinations was 22 ± 0.5°C. On each curve, the region of interest (ROI) was analyzed. The ROI was designated by a rectangle created by two lines: one passing through the narrowest point between the medial and lateral malleolus and the second passing through the narrowest point below the knee joint. Examples of curves are presented in Fig. 2a , b. Symmetric rectangles of equal surface area were determined on both shanks (healthy and affected by paresis) [19] . A program for the analysis of curves determined the minimum, maximum, and average values of the measured temperature. During each examination, three curves of the back side of the shank were performed and used to calculate the mean value.
For the assessment of muscle tone, MAS was used. This scale was developed to measure resistance during passive soft-tissue stretching. The examination was performed twice: before rehabilitation and after 6-week rehabilitation. During the muscle tone assessment, the patient lay in a supine position with a plantar-flexed ankle and the hip in neutral rotation and flexion. Next, a passive movementthe dorsiflexion of the ankle from the maximum possible plantar flexion to the maximum possible dorsiflexion-was performed by a physician to rate the muscle tone of gastrocnemius muscle [20] . At the same visit, the Barthel Index Scoring Form for establishing the degree of independence was completed by a physician based on the patient's and relatives' answers as well as direct observation of the patient [21] .
Rehabilitation after cerebral stroke was conducted for 6 weeks in an inpatient setting at the Department of Neurological Rehabilitation. Physiotherapeutic treatments were conducted 5 days a week in two cycles, in the morning and in the afternoon. On the sixth day, patients strengthened acquired skills and participated in one cycle of the program. They performed exercises regulating muscle tone; mobilization exercises of the smaller and large joints; reeducation exercises for gait; and balance exercises. The therapy was conducted using the following methods: neurodevelopmental treatment-Bobath (NDT-Bobath), proprioceptive neuromuscular facilitation (PNF), kinesiology taping, and manual therapies. An important part of the therapy to decrease spasticity was applying proper positioning to prevent pathologic synergistic limb and trunk patterns.
The results of the study were collected in an Excel spreadsheet and analyzed with Statistica software PL v.12 (StatSoft, Tulsa, OK, USA). First, the Kolmogorov-Smirnov test was used to test for normal distribution. It was possible to analyze men and women together as sex did not significantly differentiate the study group. The degree of spasticity before and after rehabilitation was compared using the Wilcoxon signed-rank test. The analysis of thermography results of the temperature measurements between the spastic and healthy lower limb was conducted using analysis of variance and the post hoc Duncan's test. A probability value of p \ 0.05 was considered statistically significant.
Results
All 40 stroke patients completed the study and were analyzed. The age of the study group ranged from 47 to 70 years (60.6 ± 5.5). Of the study group, 19 patients Thermography assessment of spastic lower limb in patients after cerebral stroke undergoing… 757 (eight men, 11 women) had right-sided hemiparesis, while 21 (seven men, 14 women) had left-sided hemiparesis. The time since diagnosis ranged from 3 to 10 months (5.05 ± 2.07). The severity of spasticity in the lower limb ranged from grade 2 to 3 on MAS (2.5 ± 0.5): 19 patients (14 men, five women) presented with spasticity of grade 2 and 21 (11 men, ten women) with grade 3. Independence in daily activities according to Barthel Index ranged from 40 to 60 (54.13 ± 5.87). Patients' characteristics are presented in Table 1 .
The comparison of temperature between the spastic and normal extremity revealed significant differences. At baseline, the thermography assessment of the spastic extremity was characterized by significantly lower minimum, maximum, and average temperatures than those in the normal extremity (Table 2, Fig. 3 ). After 6-week rehabilitation, the significant difference between spastic and normal extremity persisted (Table 3) ; however, a significant increase in minimal (p [ 0.001), maximal (p [ 0.001), and average (p [ 0.001) temperature in the spastic extremity was observed ( Fig. 4) .
After rehabilitation, spasticity in the affected extremity decreased significantly (p [ 0.001). One patient presented with grade 3 spasticity, 18 patients with grade 2, eight patients with grade 1.5, and 13 patients with grade 1 (Fig. 3 ). Spasticity decreased in each subsequent week of rehabilitation, which translated into improvement in patients' gait patterns. Additionally, a decrease in spasticity as assessed with MAS was associated with an increase in surface temperature in the assessed region of the spastic extremity.
Discussion
In this study, we evaluated the usefulness of thermography in measuring the effects of rehabilitation in stroke patients with spastic hemiparesis. In patients after cerebral stroke, a 6-week hospital rehabilitation resulted in a decrease in spasticity in the lower extremity. Along with a decrease in spasticity, an increase in the surface temperature in the back side of the spastic shank was observed. Thermographic examination proved to be useful in the assessment of the severity of spasticity as well as in the objective monitoring of pathological muscle tone in patients after cerebral stroke undergoing physiotherapy treatment.
Spastic paresis of a lower extremity, as suggested by other researchers, may result not only in gait disorders and difficulties in mobility, but may worsen levels of physical activity and functional ability [2, 3] . The aim of the study performed by Tao et al. was to establish whether a lowdose botulinum toxin A injected into the muscles of the shank in patients after cerebral stroke would improve gait and daily living activities by decreasing spasticity [22] . The control group from that study received a placebo. The study showed a significant relationship between the decrease in spasticity as measured with MAS and the level of gait improvement and functional independence with the reduced activation of muscles.
Francis et al. concluded that a reduction in spasticity translated into an increase in physical activity [1, 23] . Besides the relationship between changes in the degree of spasticity and function, the authors showed the significant influence of time, which can be explained by the need for the central nervous system and the structures of the unaffected extremity to reorganize themselves. Results obtained in the present study revealed gradual functional improvement in patients undergoing 6-week rehabilitation targeted at lowering spasticity. Monitoring the effects of rehabilitative management showed an improvement in patient functioning from the third week of physiotherapy. Increasingly better functional status was achieved until the last week of the therapy. In the present study, greater gait impairment was observed in patients with MAS grade 3 spasticity than in patients with less severe spasticity (MAS grade 2). A similar relationship was found in the impairment of physical activity in patients with greater spasticity; daily functioning was significantly worse for them in those with lesser spasticity.
Many researchers report that the outcomes of conducted therapy are independent of age and sex [24] [25] [26] . The results of the present study confirm this observation. Statistical analysis revealed that variables such as sex and age did not significantly differentiate the study group.
The present study attempted to answer the question of whether thermography was useful in assessing changes in the severity of spasticity in patients with hemiparesis after cerebral stroke. A significant change in the increased muscle tone was observed as an effect of the applied The assessment of spasticity revealed functional improvement in gait patterns and better functional activity as measured on subjective scales. Functional improvement can be visible on thermography possibly due to improvement in thermoregulatory processes following better blood flow and heat production as it has been shown that exercises improve efficiency of thermoregulatory processes [27, 28] . The results of thermography were interesting, as well. The present study shows significant differences in the surface temperatures of the shank region in the spastic extremity and the normal one. At baseline, the surface temperature of the spastic extremity was on average 1.5°C lower than that recorded on the surface of the unaffected leg ( Fig. 3 ). Throughout the rehabilitative procedure and the resultant decrease in spasticity, this difference diminished significantly (Fig. 4 ) due to improvement in thermoregulatory and physiological processes. A comparison of thermal images and conducted statistical analysis of the surface temperature results revealed an increase in surface temperature of the spastic limb. Along with the decrease in spasticity in the lower spastic extremity, an increase in the surface temperature of the areas assessed with thermography was observed. Thermography based on thermal emission of tissues of the human body creates great diagnostic capabilities. Homeothermy is associated with metabolism, and its physiologic changes may be recorded by thermography; however, areas that present with different temperature distribution than normal tissues may be affected by pathological processes. Christensen et al. used thermography to evaluate postoperative inflammation after the removal of the mandibular third molar. On the second day post-surgery, the operated side of the face was significantly warmer by 0.33°C than the control [29] . Bagavathiappan et al. [30] reported a significant difference in mean foot surface temperature between diabetic patients with neuropathy and without. Neuropathic feet were warmer by 1.33°C. Lim et al. proved that thermography can be used in the diagnosis of Raynaud's phenomenon. If the temperature difference between the dorsum of the feet and the first toe exceeds 3.11°C or the temperature difference between the palm of the hand and the coolest finger exceeds 2.2°C in men, it is highly suggestive of the presence of Raynaud's phenomenon [31] . The temperature difference between the normal and affected area depends on the type of pathology. In the present study, the difference between the healthy and spastic shank was 1.5°C. However, it dropped after rehabilitation to 0.8°C, indicating improvement in the condition of the treated extremity. Reports on the use of thermography for monitoring improvement after rehabilitation in stroke patients with paresis are scarce. Dymarek et al. monitored the effects of extracorporeal shock wave application for wrist and finger spasticity. They reported a significant reduction in MAS and muscle tone as well as an increase in surface temperature. The surface temperature was significantly higher by 1.35°C at 24 h after extracorporeal shock wave treatment than at baseline (33.48 ± 2.07°C vs 32.13 ± 2.26°C) [32] . The results obtained by Dymarek et al. cannot be compared directly with findings from the present study because of the different therapies used and different observation times, but it is notable that an improvement in condition of spastic extremity was associated with a rise in surface temperature, which is in line with our result.
Limitations
The study included homogeneous group of stoke patients with hemiparesis and spasticity within the gastrocnemius and/or soleus muscle undergoing rehabilitation 3 to 12 month postevent. Due to using strict inclusion criteria, the results can be applied only to this specific patients' group. However, thermography proved to be useful in the assessment of the severity of spasticity as well as in the objective monitoring of pathological muscle tone in patients after cerebral stroke undergoing physiotherapy treatment, and the results cannot be transferred directly into clinical practice. This method needs further studies to determine cutoff levels and to check whether it can be used alone. Nevertheless, our study presents promising results and the potential of using thermography at rehabilitation wards, especially because of its simplicity, low costs, and capacity of giving reproducible results.
Conclusions
Thermography proved to be useful in the assessment of the effects of rehabilitation in stroke patients with spastic hemiparesis. After 6-week rehabilitation, an increase in surface temperature was accompanied by a decrease in spasticity and improvement in gait pattern. Thermography can be considered an additional tool for determining impaired muscle tone in patients with spasticity. 
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